Abstract-In this paper, we study a wireless-powered communication network (WPCN) scenario, in which a multipleantenna amplify-and-forward (AF) two-way relay coordinates power transfer and information exchange to multiple pairs of users. A harvest-then-transmit protocol is assumed where the relay first transmits energy signals to the users in a power transfer phase. Multi-pair of users, which have rechargeable batteries, then use the harvested energy to exchange their independent signals through the relay in two phases, up-link (UL) and down-link (DL). In the UL phase, the users transmit their information signals to the relay and in the DL phase the relay amplifies and forwards the signals to the intended destinations. Furthermore, in order to cancel out the interference, zero-forcing reception and transmission (ZFR/ZFT) is implemented at the relay. In order to characterize the system performance, we consider ergodic spectral and energy efficiencies for two cases, based on the availability of the channel state information (CSI) at the relay during the power transfer, 1) unknown CSI 2) partially known CSI. In light of this, we derive new analytical expressions for the ergodic spectral and energy efficiencies for the two cases and Monte Carlo simulations are provided throughout our investigations to validate the mathematical analysis. The impacts of some system parameters such as EH time, EH efficiency, number of relay antennas and user-pairs, on the system performance are investigated.
I. INTRODUCTION
R ADIO frequency (RF) energy harvesting (EH) in wireless communications has received significant attention in recent years. This technology is based on the fact that RF signals can carry energy. Therefore, energy constrained nodes can harvest energy from the RF signals transmitted by a source node [1] - [5] . Recently, many works have considered the performance of wireless-powered communication networks (WPCNs), where the RF signals are used to charge the energy constrained nodes. For instance, in [1] , the tradeoff between the rates at which energy and reliable information can be sent over a single noisy channel was studied. This work was extended in [2] to include frequency selective channels with additive white Gaussian noise. Energy transfer efficiency is subject to the channel fading, therefore, multiple antennas and cooperative communication schemes can be used to further increase the efficiency of such systems [6] , [7] . The authors in [8] considered the performance of energy beamforming in multi-antenna WPCN, where the powered accesspoint (AP) equipped with multiple antennas and a user with single antenna. In [9] harvest-then-cooperate (HTC) protocol is proposed, where the source and relay harvest energy from the AP in the down-link (DL) and then the two nodes can work cooperatively in the up-link (UL) for information transmission. A multiple EH source nodes with one fully-powered access point (AP) system was studied in [10] , [11] where the AP charges the source nodes in the down-link, and then in the up-link the source nodes use the harvested energy to send their signals to the AP. This protocol is referred to as harvestthen-transmit. Later on, this work was extended in [12] to a multiple-antenna AP.
In this paper, we analyze the performance of a two-way cooperative communication system which consisting of multiplepairs energy-constrained single-antenna users communicating via a two-way multiple-antenna amplify-and-forward (AF) relay. The relay is equipped with unlimited power supply whereas the users are equipped with rechargeable batteries to store the harvested energy. The harvest-then-transmit EH protocol is considered in this work. The proposed system has three phases. In phase I (DL power transfer) the relay transmits RF signals, all the users extract the energy of which to recharge their batteries. In phase II (UL information transfer) the users transmit their independent signals to the relay. In phase III (DL information transfer) the relay amplifies and forwards the received signals to their intended users. Such scenario occurs, for example, in ad-hoc or sensor networks. In order to mitigate the interference, zero-forcing reception and zeroforcing transmission (ZFR/ZFT) is implemented at the relay [13] . The spectral and energy efficiencies are adopted as performance measures to characterize the system performance. Therefore, analytical expressions of the ergodic spectral and energy efficiencies are derived in two cases, namely, 1) unknown channel state information (CSI) 2) partially known CSI. Then the impact of different system parameters, such as the EH time of the harvest-then-transmit protocol, number of users and relay antennas, on the system performance is examined. This paper is a part of our work in [14] .
The notations used in this paper are: Bold uppercase and bold lowercase letters denote matrices and vectors, respectively. Conjugate 
II. SYSTEM MODEL
We investigate a WPCN which consisting of singleantenna pairs communicating through a two-way amplify-andforward (AF) relay equipped with antennas as shown in Fig. 1 , where > 2 . The relay is connected to a constant power supply whereas the users are EH nodes equipped with rechargeable batteries to to store the harvested energy. The channels in this system are modeled as independent identically distributed (i.i.d) Rayleigh fading channels. In phase I, the channel matrix between the relay node and the 2 users is represented by G ∈ ℂ 2 × , which can be denoted as is a diagonal matrix with [D] = which represent the path-loss attenuation = − , is the distance between the relay and the ℎ user and is the path loss exponent. In phase II, the channel matrix is H ∈ ℂ ×2 , which can be written as
(0,1) entries and in the last phase, phase III it is denoted as H ∈ ℂ 2 × which can also be expressed as
It is also assumed that, there is no direct link between the users, due to the poor quality of the user-to-user channel. In this respect, we adopt the harvest-then-transmit protocol presented in [9] [11] and is shown in Fig. 2 where is the transmission time. More specific, in the first time slot , where 0 < < 1, the relay transmits energy signals to the users. During the second time slot (1 − ) /2, the users using the harvested energy to transmit their independent signals to the relay. In the last time slot, (1 − ) /2, the relay amplifies and forwards the signals to their intended users. 
III. UNKNOWN CSI
In this case the relay can not estimate the CSI of the users in phase I. This case is considered in more details in our previous work in [15] . The received signal in phase I at the ℎ user is
where is the relay power in phase I, g ∈ ℂ
1×
is the channel vector between the relay and the ℎ user, s ∈ ℂ
×1
is the transmitted energy signal vector, energy signals are i.i.d. random variables (RVs) and is additive wight Gaussian noise (AWGN) at the ℎ user,
. The harvested energy at the ℎ user, can be written as
[12], where 0 < ≤ 1 is the EH efficiency at the receiver. The transmitted power of the ℎ user in phase II can be written as
where = . Consequently, the transmitted signal of the ℎ user is given by, = √ , where is the information signal of user , information signals are assumed to be i.i.d. with zero mean and unit variance. Therefore, the received signal at the relay can be written as
where h is the channel vector between the user and the relay, x ∈ ℂ 2 ×1 is the transmitted signal vector of all users and n ∈ ℂ ×1 is AWGN vector at the relay, n ∼ ( 0, 2 I ) . The transmitted signal vector form the relay can be written as
where W is the × relay weight matrix, the signal x should satisfy the power constraint at the relay. Therefore, the received signal at the ℎ user is . Finally, the signal-to-interference noise ratio (SINR) at the the ℎ user can be written as
Therefore, the ergodic spectral efficiency can be expressed as
Furthermore, the energy efficiency is defined as the ergodic spectral efficiency divided by the total transmit power, i. e.
[16]
where is the total power. To enhance the system performance, ZFR/ZFT is applied at the relay node as in the next section.
A. Analysis of Ergodic Spectral and Energy Efficiencies
According to [13] , [16] , the ZFR/ZFT matrix at the relay can be written as
where Π is the permutation matrix and takes the form of
and is the amplification gain to satisfy the relay power constraint. Based on (3), (4) and (9) can be written as
where is the relay power in phase III,
. Based on the fact that h Wh = , where = 1 when = ′ and = 0 otherwise, the received signal at the ℎ user can be written now as
By comparing (5) and (11), it is is clear that the ZFR/ZFT scheme removed the interference. Therefore, the SINR in (6) can be expressed as
By substituting (2) into (12) we can get
′ , ′ + 3 , the spectral efficiency in (7) can be derived as
Lemma 1. It is found in [17] that for any , > 0
[ ln
where ℳ ( ) is the moment generating function (MGF) of and is defined as
Using Lemma 1, and since and are independent, (14) can be expressed as
where ℳ ( ) and ℳ ( ) are the MGFs of and , receptively. Based on the fact that, has Gamma distribution, its MGF can be written as
where ′ is the the ′ th diagonal element of D. Probability
where Ψ ′ is the ′ th diagonal element of D −1 . By using the identities in [18] , [19] , the MGF of can be found as
where J (.) is the modified Bessel function of the second kind [19] . Finally, substituting (17) and (19) into (16) yields the spectral efficiency as in (20) . The corresponding energy efficiency is simply obtained by (8) .
IV. PARTIAL CSI
In this case the relay can know the amplitude of the users' channels in phase I. In order to maximize the energy signals received at the users, antenna selection (AS) technique is proposed in this section. In this technique, the time slot allocated to charge the 2 users is divided into equal 2 time slots, in each slot the best antenna for a user is selected to send the energy signal with full relay power , i.e, in time slot the best antenna for user is selected to transmit Figure 3 : The antenna selection scheme.
the energy signal as shown in Fig 3. Consequently, user will receive energy signals in all the period , but in the time slot receives the energy signal from its best antenna. Consequently, the received energy signal at the ℎ user can be written as
is the channel between one of the antennas and the ℎ user (based on the selection of the first user), * is the best channel between the relay and the ℎ user, is the channel between one of the relay antennas and the ℎ user (based on the selection of the 2 ℎ user). The harvested energy at the ℎ user can be expressed as
(22) where = 2 , the harvested energy can be simplified to
) (23) The harvested power for the ℎ user can be given as
The transmitted signal of the user can now be expressed as, = √ .
A. Analysis of Ergodic Spectral and Energy Efficiencies
By substituting (24) into (12), the SINR becomes
where | *
can be simplified as
, 2 = 2 2 and 3 = 2 . Now by
) and using Lemma 1, the ergodic spectral efficiency can be expressed as
According to the order statistics of exponential RVs, the PDF of the maximum of exponential RVs is given by, [20] . Therefore, ℳ ( ) can be derived as
and ℳ ( ) is the MGF of Chi-square RV and given by
Similarly as in the previous scenario, we can obtain the MGF of as in (30). Substituting (28), (29) and (30) into (27) we can find the ergodic spectral efficiency as in (31). The corresponding energy efficiency can be easily calculated by (8) .
V. NUMERICAL RESULTS AND DISCUSSIONS
In this section we present some numerical results of the mathematical expressions derived above. Monte Carlo simulations with 10 6 independent trials are conducted in which channel coefficients are randomly generated in each simulation run. Unless it is mentioned otherwise, and are chosen to be 1 and the noise power at all nodes is set as 2 = 2 = 0 dBw
A. Effect of EH Time
To explain the effect of EH time on the system performance, we plot in Fig. 4 the spectral efficiency versus for different values of when = 3, = 0.4 W. It is clear from these results that the ergodic spectral efficiency enhances with increasing the number of relay antennas. This is because increasing leads to increase the amount of energy arrived at each user which finally leads to increasing their transmitted power. The second observation is that, there is an optimal EH time ( * ) for each value of and this optimal time * becomes shorter r when is high. This is because increasing means increasing the relay transmitted power in the first phase and consequently the users require shorter EH time to attain the optimal performance. Finally and as expected, the ergodic spectral efficiency in partial CSI case is higher than that in unknown CSI.
B. Effect of The Number of Pairs and Relay Power on Spectral Efficiency
Now, we examine the impact of the number of user-pairs and the relay power in the first phase on the system performance. Therefore, we show in Fig. 5 the spectral efficiency versus for three combinations of and , case I ( = 2, = 6), case II ( = 1, = 6) and case III ( = 1, = 3), when = 0.4. In general, we can notice that increasing the relay power in phase I enhances the spectral efficiency for all the studied combinations. In addition, by comparing the cases I and II for each scheme, it can observe that, for a given value of , the system performance improves as is increased and this improvement becomes larger with increasing the relay power. On the other side, comparing the cases II and III for each scheme, it is interesting to observe that the gain attained with doubling dose not depend on the relay power. It is also apparent that, partial CSI scheme outperforms the unknown CSI scheme in the three combinations.
C. Effect of Number of Relay Antennas, EH efficiency and Number of Pairs on Energy Efficiency
The impact of the number of relay antennas, the EH efficiency and the number of pairs on the achievable energy efficiency are investigated in this subsection. Fig. 6a shows numerical and simulated results of the energy efficiency as a function of for different values of when = 1 W, = 3 W and = 4. It can be noticed that increasing always enhances the energy efficiency and this improvement is more significant in partial CSI scheme. Finally and as expected, reducing the EH efficiency degrades the system performance. In addition, Fig. 6b presents the energy efficiency versus when = 1 and = 2. In this scenario, when the number of relay antennas is small < 4 the results can not be achieved for the case = 2, this is because the interference at the relay can not be reduced when the number of the relay antennas is smaller than 2 . However, when number of the antennas increases > 4 the energy efficiency of = 2 becomes higher than that of = 1, as shown in the figure.
VI. CONCLUSION
In this paper, we have considered a WPCN with -antennas two-way AF relay and single-antenna -pair users. The spectral and energy efficiencies are analyzed when the ZFR/ZFT is implemented at the relay node in two cases, when the CSI is un-known/partially-known in phase I. New derived analytical expressions for the spectral and energy efficiencies are derived, which are then validated with Monte Carlo simulations. The effect impact of main system parameters, such as EH time parameter, EH efficiency, number of users and relay antennas, on the system performance were investigated. It was shown that a good selection of the EH time is the key for achieving optimal system performance.
